Lumbar disc herniation (LDH) is a common spine disease characterized by a tear in the disc ring and bulges out at the soft portion. COMT is a protein coding gene located at 22q11.21, and its gene product is a major mammalian enzyme involved in the degradation of catecholamines. A total of 2,678 study subjects with Chinese Han ancestry were recruited and 15 SNPs were selected for genotyping in our study subjects. A synonymous coding SNP, rs4633, was identified to be significantly associated with the disease status of LDH after adjusting for BMI (OR = 0.76, P = 4.83 × 10 −5 ). This SNP was also identified to be significantly associated with COMT gene expression in three types of human tissues. Minor alleles of rs4633 (T) increased the expression of COMT in these 3 tissues. We have identified a significant SNP of COMT, rs4633, which is associated with symptomatic LDH in a large Chinese Han-based sample of the study subjects. This significant finding is further replicated by haplotypic analysis. Evidence from bioinformatics analyses have shown that rs4633 is also significantly associated with the gene expression of COMT. Our findings provide additional supportive evidence for an important role of COMT gene in the symptomatic LDH susceptibility.
Lumbar disc herniation (LDH) is a common spine disease characterized by a tear in the disc ring and bulging out of its soft portion 1 . The most common symptom of symptomatic LDH is sciatica, and approximately 90% of the time, sciatica is caused by symptomatic LDH 1 . Symptomatic LDH patients might also experience a numb feeling throughout one or both of their legs due to the compression of the femoral nerve root by the hernia. Symptomatic LDH and its related low back pain can be devastating for the quality of life for LDH patients. Compared to those without symptomatic LDH, patients with symptomatic LDH have heavy health care loads and incur great work loss. As a complex disease with multiple contributing factors, previous studies have identified various factors, such as age, smoking, and obesity, to be significantly associated with LDH. In addition to these environmental factors, genetics have also been proven to play an important role in the pathology of LDH. A study conducted by Sambrook et al. showed that genetic variations could explain approximately 50-70% of the phenotypic variations of LDH 2 . Genes including COL11A1 3 , THBS2 4 , ASPN 5 , CILP 6, 7 , COL9A3 8 and MMP9 4 have been confirmed to be loci of susceptibility to LDH or disc degeneration. The effect size of the significant polymorphisms identified from these loci were tiny compared to the heritability of LDH, and this indicated that more genes that contributed to the risk of LDH were still not discovered and more studies are still needed in the future to unravel the genetic etiology of LDH. COMT is a protein coding gene comprised of 10 exons located at 22q11.21. This gene was well known for its connections with psychiatric disorders (especially schizophrenia) [9] [10] [11] . Some recent studies have shown that this gene also contributed to bone related disorders. A 2014 study conducted by Gruber et al.
. However, to the best of our knowledge, this finding has not been replicated in any other population and therefore studies based on populations other than Europeans are necessary to validate the significant hits identified by Gruber et al. In this study, we aimed to investigate the genetic association between the polymorphisms of COMT and the symptomatic LDH in a study sample comprised of 2,678 subjects with Chinese Han ancestry. The biological functions of significant SNPs were also examined by relevant bioinformatics tools. Our findings will validate the results of previous studies based on European populations and offer insights for unraveling the underlying mechanisms of COMT and its association with LDH.
Methods
Study Subjects. In our study, 875 patients with symptomatic LDH and 1,803 normal controls were recruited from Honghui Hospital of Xi'an Jiaotong University. The patients were diagnosed by positive magnetic resonance imaging (MRI) findings for symptomatic LDH with a history of unilateral pain radiating from the back along the femoral or sciatic nerve to the corresponding dermatome of the nerve root for more than 4 weeks at least. The exclusion criteria for the patients were as follows: (1) patients with mental illness or severe dysfunction of important organs (such as heart, lung, liver, or kidney); (2) patients with blood diseases, diabetes, autoimmune diseases, or tumors; and (3) patients with a body mass index (BMI) ≤ 18.5 kg/m 2 or with a BMI ≥ 28 kg/m 2 . The controls with good health as confirmed by physical examination were enrolled, and they had a lifetime lack of symptoms indicating symptomatic LDH, such as lumbocrural pain. Subjects with osteoarthritis, rheumatism, connective tissue diseases, previous fractures of the spine, lumbar spinal stenosis, malignancies involving the spine and poliomyelitis were excluded from the study. Lumbar sagittal MRI was conducted by using a 1.5 Tesla Magnetom unit (Siemmens AG, Germany). A sagittal T2-weighted image with a slice thickness of 5 mm, a repetition of 2500 ms, and an echo time of 90 ms was applied for all subjects. The MRI diagnosis of LDH was based on the disk extended beyond the margins of adjacent vertebral bodies, which was confirmed by two observers at least. The disc degeneration was graded by using the Schneiderman classification (based on the signal intensity): grade 1, normal signal intensity; grade 2, slightly decreased signal intensity; grade 3, diffuse signal loss; grade 4, lack of signal. The clinical data and characteristics of all the subjects were measured or recorded (Table 1) . We have collected informed consent with signature for all of our study subjects. All procedures were conducted in accordance with the ethical standards of the Helsinki Declaration of 1975, revised in 2008, and the study was reviewed and approved by the Medical Ethics Committee of Honghui Hospital of Xi'an Jiaotong University.
SNP Selection and Genotyping.
We searched for all the SNPs with minor allele frequencies (MAF) ≥ 0.05 within the region of the COMT gene in the 1000 Genomes Project Chinese Han Beijing population database. Then, MAF ≥ 0.05 with pair-wise tagging and r 2 ≥ 0.6 were used as the cut-off criteria during tag SNP selection, which generated 14 tag SNPs for our study. In addition, we also included SNP rs4680 as our candidate SNPs based on previous publications. Basic information on the 15 selected SNPs is summarized in Table 2 . We have extracted the genomic DNA using the peripheral blood of our study subjects. The DNA extractions were conducted using Tiangen DNA extraction kit based on the protocol recommended by the manufacturer. Sequenom MassARRAY platform was utilized for SNP genotyping. The detected signals from MassARRAY platform were analyzed by software Typer 4.0 which was recommended by Sequenom 13 . About 5% of the sample was repeated for genotyping to estimate the quality of genotyping experiments. With a concordance rate of 100%, the quality of our genotyping data were guaranteed. Case control status of our study sample were blinded to the technicians during genotyping process.
Statistical Analysis. Single marker based genetic association analyses were performed for each SNP using logistic models. According to the results from Table 1 , we have included BMI as covariates in the logistic models. Bonferroni corrections were applied to address multiple comparison (P threshold = 0.05/15 ≈ 0.0033). Plink was utilized for single marker based analysis. Q-Q plot was made to examine the potential inflation for the significance of the P values caused by population stratifications. In addition to single marker based analyses, we also constructed LD blocks using our data and performed haplotypic analyses. Haploview was utilized for these analyses. In addition to the genetic association analyses, we have also conducted an association analysis for symptomatic LDH cases only to investigate the potential link between targeted SNPs and the disc degeneration.
Bioinformatics Analysis. To further examine the potential functional significance of those significant hits in genetic association analysis, we performed bioinformatics analyses through online databases. Significant SNPs identified in genetic association analyses were checked in RegulomeDB (http://regulomedb.org/). RegulomeDB is an online tool to predict the potential functional significance of SNPs by integrating Encode data. It returns a score, which ranges from 1 to 6, to label the regulatory function of the SNPs regarding the gene expression and translation. In addition, we have also investigated the potential effects of targeted SNPs on COMT gene expression in multiple human tissues using the GTEx database (https://www.gtexportal.org/home/).
Results
Significant hits in genetic association analyses. The clinical characteristics of the study subjects are summarized in Table 1 . Significant differences in body mass index (BMI) can be identified for symptomatic LDH patients and controls. All the selected 15 SNPs were in Hardy-Weinberg equilibrium in our control sample. A synonymous coding SNP, rs4633, was identified to be significantly associated with the disease status of symptomatic LDH after adjusting for BMI (OR = 0.76, P = 4.83 × 10 −5 , Table 2 ). No signs of inflation caused by population stratification can be identified from the Q-Q plot for the results of the single marker-based association analyses (Supplemental Fig. S1 ).
A total of 4 linkage disequilibrium (LD) blocks were constructed based on our data (Supplemental Fig. S2 ). Haplotypic association analyses were performed for these LD blocks and have validated the results of the single marker based analyses. A 3-SNP haplotype, which included the SNP rs4633, was identified to be significantly associated with symptomatic LDH (rs4633|rs4680|rs4646315, P = 2.23 × 10 −28 , Table 3 ). No significant association can be identified between rs4633 and the disc degeneration using the data of symptomatic LDH patients only (χ 2 = 5.99, P = 0.1999, Supplemental Table S1 ).
RegulomeDB score and eQTL results from GTEx. The regulomeDB score for rs4633 is 2b, which indicates that this SNP has a relatively significant regulatory function on gene expression and translation of COMT. According to the records of regulomeDB, this SNP located at a DNase I hypersensitivity region based on the data of 125 cell types from ENCODE. In addition, the location of this SNP belongs to a transcription factor binding motif and is an important protein binding site for multiple human proteins. The eQTL data of rs4633 in 47 human tissues were extracted from the GTEx database. The SNP rs4633 was identified to be significant (P threshold = 0.05/47 ≈ 0.001) in three types of human tissues ( Fig. 1) : the mucosa of the esophagus, the skin of lower leg (sun exposed) and the skin of suprapubic (non-exposed for sun). Minor alleles of rs4633 (T) increased the expression of COMT in all 3 tissues (Supplemental Fig. S3 ).
Discussion
Catechol-O-methyltransferase, which is encoded by COMT, is a major mammalian enzyme involved in the degradation of catecholamines. It assists the process of transferring a methyl group from S-adenosyl-methionine to a hydroxyl group on a catechol nucleus 14 . In recent years, candidate gene studies have successfully identified many susceptible loci for complex diseases [15] [16] [17] [18] [19] [20] [21] . Because of its molecular biological function, which is related to multiple neurotransmitters, a significant number of previous studies have tried to identify its susceptibility to brain related disorders, such as schizophrenia [9] [10] [11] , anorexia nervosa 22 and mental retardation 23 . Unlike these brain-related disorders, very limited studies have tried to establish the link between COMT and human bone-related disorders. In a 2007 study conducted by Stolk et al. , SNP rs4680 of COMT was identified to be significantly associated with osteoporotic and fragility fracture risk in European men after adjusting for age, height, weight, and bone mineral density (BMD) 24 . Two other studies have reported significant associations between polymorphisms of COMT and the treatment outcome of lumbar degenerative disc disease and low back pain [25] [26] [27] . SNP rs4633, the same SNP identified to be significant in our study, has been reported to be related to disc degeneration in a 2014 study conducted by Gruber et al. 12 . Considering that only SNPs analyses are not sufficient to reach a reliable conclusion [28] [29] [30] [31] [32] , we have further analyzed the haplotype, of which the results are similar with that of SNPs analyses. To the best of our knowledge, this study is the first one to establish the link between symptomatic LDH and polymorphisms of COMT in the Chinese population. We have successfully replicated the results reported by Gruber et al. using sample from different populations. Unlike the brain related disorders, which have a clear connection with the biological function of Catechol-O-methyltransferase, its connection with bone related disorders has not been clearly established. More studies focusing on pathological mechanisms of LDH and disc degeneration are needed in the future.
The significant SNP identified in our study, rs4633, is a synonymous coding variant. Our bioinformatics analysis using regulomeDB has shown that it might have significant regulatory function on the gene expression of COMT. Further eQTL data from GTEx also provides some evidence on its role in the expression of COMT. Nevertheless, it is still too early to conclude that rs4633 is a genetic polymorphism that contributes directly to the risk of LDH (but not a surrogate of some underlying variant(s)). An interesting observation is that most of the previous association studies targeting COMT (including both brain-related disorders and bone-related disorders) have reported rs4680 (also referred as Val-158-Met), but not rs4633, to be a significant hit. Unlike rs4633, rs4680 is a non-synonymous coding variant, which will cause a change in the amino acid gene product of COMT. However, in the study conducted by Gruber et al., although both rs4680 and rs4633 were genotyped, only rs4633 was found to be significantly associated with disc degeneration. The explanation for this discordance is unknown. In our study, only rs4633 was identified to be significantly associated with LDH, which supported findings from the study of Gruber et al.
One important thing to note is that the P values of single SNP associations in Table 2 were much weaker than the P values of haplotype analysis in Table 3 . The results suggested that the association signal may be contributed by haplotypes rather than single SNP. If we only considered the two functional SNPs, rs4633 and rs4680, in this haplotype, we could find that the global association was driven by haplotype CA. There is a possible explanation for that in potential molecular effects of these SNPs. Furthermore, we could hypothesize that both A allele of rs4680 and C allele of rs4633 are related to the low protein abundance of COMT and in turn will affect the activity of COMT, which have been reported in a previous study 33 . Give of the lack of direct supportive biological evidence in our study, the hypothesis would be desired to verify in the future study.
A potential limitation for our study is that the SNPs selected for genotyping might not provide enough information on the coverage of COMT. There are approximately 2,000 variants located within the COMT gene regions, and even if we considered the LD pattern of the SNPs, 15 SNPs are not enough to represent a very limited number of SNPs. In addition, all our selected SNPs were located within the gene region of COMT. However, the evidence has shown that the genomic regions located several kbs up/down-stream of the targeted gene might have important regulatory effects. Failing to consider variants of these regions might miss important genetic signals for LDH susceptibility. Therefore, additional studies with more SNPs and rare/low frequency variants based on targeted sequencing are needed to conclude that COMT is involved in pathological process of LDH. Another potential limitation is that our selection strategy for study subjects might introduce bias for this study. The prevalence of LDH in the asymptomatic population is high, but asymptomatic LDH patients hardly go to the hospital for diagnosis and treatment, which also makes it more difficult for us to recruit the asymptomatic LDH patients. Therefore, in this study, we only focus on symptomatic LDH patients. It is also partly uncertain whether our results are applicable to the general population. Our data are of the interest harboring further etiological and genetic study of LDH. However, given that the development of LDH is an extremely complex pathophysiology process involving many genes and factors, further studies are necessary to confirm our results.
In summary, in this study, we have identified a significant SNP of COMT, rs4633, that is associated with the disease status of symptomatic LDH in a large Han Chinese-based sample of study subjects. This significant finding is further replicated by haplotypic analysis. Evidence from the bioinformatic analyses have shown that rs4633 is also significantly associated with the gene expression of COMT. More studies focusing on the pathological mechanisms of LDH and COMT are still needed in the future to unravel the role that COMT and its gene products played in the onset and development of LDH.
